Objectives: To characterize the dynamics of the pituitary-adrenal interaction during the course of coronary artery bypass grafting both on and off pump. Since our data pointed to a major change in adrenal responsiveness to adrenocorticotropic hormone, we used a reverse translation approach to investigate the molecular mechanisms underlying this change in a rat model of critical illness. -both on and off pump. Animal studies: Injection of either lipopolysaccharide or saline (controls) via a jugular vein cannula. Measurements and Main Results: Clinical studies: Blood samples were taken for 24 hours from placement of the first venous access. Cortisol and adrenocorticotropic hormone were measured every 10 and 60 minutes, respectively, and corticosteroid-binding globulin was measured at the beginning and end of the 24-hour period and at the end of operation. There was an initial rise in both levels of adrenocorticotropic hormone and cortisol to supranormal values at around the end of surgery. Adrenocorticotropic hormone levels then returned toward preoperative values. Ultradian pulsatility of both adrenocorticotropic hormone and cortisol was maintained throughout the perioperative period in all individuals. The sensitivity of the adrenal gland to adrenocorticotropic hormone increased markedly at around 8 hours after surgery maintaining very high levels of cortisol in the face of "basal" levels of adrenocorticotropic hormone. This sensitivity began to return toward preoperative values at the end of the 24-hour sampling period. Animal studies: Adult, male Sprague-Dawley rats were given either lipopolysaccharide or sterile saline via a jugular vein cannula. Hourly blood samples were subsequently collected for adrenocorticotropic hormone and corticosterone measurement. Rats were killed 6 hours after the injection, and the adrenal glands were collected for measurement of steroidogenic acute regulatory protein, steroidogenic factor 1, and dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1 messenger RNAs and protein using real-time quantitative polymerase chain reaction and Western immunoblotting, respectively. Adrenal levels of the adrenocorticotropic hormone receptor (melanocortin type 2 receptor) messenger RNA and its accessory protein (melanocortin type 2 receptor accessory protein) were also measured by real-time
quantitative polymerase chain reaction. In response to lipopolysaccharide, rats showed a pattern of adrenocorticotropic hormone and corticosterone that was similar to patients undergoing coronary artery bypass grafting. We were also able to demonstrate increased intra-adrenal corticosterone levels and an increase in steroidogenic acute regulatory protein, steroidogenic factor 1, and melanocortin type 2 receptor accessory protein messenger RNAs and steroidogenic acute regulatory protein, and a reduction in dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1 and melanocortin type 2 receptor messenger RNAs, 6 hours after lipopolysaccharide injection. Conclusions: Severe inflammatory stimuli activate the hypothalamic-pituitary-adrenal axis resulting in increased steroidogenic activity in the adrenal cortex and an elevation of cortisol levels in the blood. Following coronary artery bypass grafting, there is a massive increase in both adrenocorticotropic hormone and cortisol secretion. Despite a subsequent fall of adrenocorticotropic hormone to basal levels, cortisol remains elevated and coordinated adrenocorticotropic hormone-cortisol pulsatility is maintained. This suggested that there is an increase in adrenal sensitivity to adrenocorticotropic hormone, which we confirmed in our animal model of immune activation of the hypothalamic-pituitary-adrenal axis. Using this model, we were able to show that this increased adrenal sensitivity results from changes in the regulation of both stimulatory and inhibitory intra-adrenal signaling pathways. Increased understanding of the dynamics of normal hypothalamicpituitary-adrenal responses to major surgery will provide us with a more rational approach to glucocorticoid therapy in critically ill patients. (Crit Care Med 2015; 43:791-800) Key Words: adrenocorticotropic hormone; cortisol; cortisol-binding globulin; critical illness; glucocorticoid hormones; off-pump surgery G lucocorticoid hormones are an essential part of the homeostatic response to major surgery and critical illness. Inappropriately low (1, 2) and excessively high (3, 4) levels can result in raised morbidity and mortality. Although the hypothalamic-pituitary-adrenal (HPA) axis itself is controlled by a feedback mechanism from circulating glucocorticoids, it is also regulated by external stimuli relaying information about the time of day and the presence of stressful stimuli (5) . Circadian signals from the hypothalamic suprachiasmatic nucleus ensure that cortisol is secreted in a diurnal rhythm, which is itself made up from an ultradian rhythm of discrete pulses (6) (7) (8) . Although this pulsatile activity has long been considered to originate from a hypothalamic "pulse generator" (9) , more recent work has shown that a negative feedback loop in the pituitary-adrenal system provides a mechanism for generating systems-level ultradian oscillations in adrenocorticotropic hormone (ACTH) and glucocorticoids (10, 11) .
Glucocorticoid levels oscillate not only in the blood but also within tissues (12) (13) (14) . It is clear that glucocorticoid receptormediated signal transduction has adapted to read these pulsatile glucocorticoid signals. Pulses of corticosterone cause glucocorticoid responsive genes to "pulse" in phase with the steroid and pulsatile and constant levels of glucocorticoids yield vastly different transcriptional responses (15) .
The dynamics of HPA activity in major surgery and critical illness is poorly understood, and little is known about the ultradian pulsatility of endogenous ACTH and glucocorticoid secretion in the period following major surgery and in critical illness.
Our study was designed to characterize the ultradian rhythm of cortisol during and after major cardiac surgery and discern how control of the HPA axis may alter during this time. Since our clinical data suggested a major change in adrenal sensitivity following coronary artery bypass grafting (CABG), we used a rat model of inflammatory stress to investigate the mechanism underlying these changes.
MATERIALS AND METHODS

Clinical Studies: Participants, Procedures, and Study Design
The study was approved by a National Health Service Research Ethics Committee (Ref: 11/H0107/9). After written, informed consent, 20 male patients admitted for elective CABG were included. Exclusion criteria were emergency operations, redo surgery, etomidate use, myocardial infarction within the last month, concomitant procedures, left ventricular ejection fraction less than 30%, a history of adrenal/pituitary disease, and use of glucocorticoids within 6 weeks.
There is no valid methodology to perform power calculations on expected changes in ultradian patterns of HPA activity. However, in a study of patients with obstructive sleep apnea, our group was able to show highly significant changes in pulse characteristics before and after CPAP therapy in a sample size of 10 patients (16) .
Surgical, anesthetic, and cardiopulmonary bypass (CPB) procedures followed established local protocols (17, 18) . Blood was sampled for 24 hours from the in situ vascular catheters placed immediately before induction of anesthesia. To control for the impact of the circadian hormonal variation in cortisol levels between patients, only cases that were first on the days' operating schedule were used in this study.
CABG can be performed with and without the use of CPB ("on-pump" and "off-pump" surgery, respectively) according to the preference of the operating surgeon. This study was designed to randomize patients to on-or off-pump surgery. However, restrictions imposed by the ethics committee made this impracticable. Therefore, the study was continued as observational.
Blood samples were collected at 10-minute intervals for cortisol measurement and hourly for ACTH measurement. Blood samples for corticosteroid-binding globulin (CBG) measurement were collected at the start of the 24-hour sampling period, at skin closure, and at the end of the 24-hour period.
Human cortisol samples were collected in BD vacutainer SST Advance tubes (Becton, Dickinson and Company, Oxford, United Kingdom) and were processed immediately after centrifugation. Samples for ACTH were collected in chilled 1-mL EDTA tubes and stored on ice for a maximum of 30 minutes before centrifugation at 4°C and then stored at -80°C until assay. Human total cortisol and ACTH were measured by solid phase, chemoluminescent enzyme-linked immunoassay using the Cobas e602 modular analyzer (Roche Diagnostics, West Sussex, United Kingdom). Measuring limits for the cortisol assay were 0.5-1,750 nmol/L (intra-and interassay coefficients of variability [COV]: 1.5-1.7% and 1.8-2.8%, respectively) and for the ACTH assay were 1.0-2,000 pg/mL (intra-and interassay COV: 0.6-2.7% and 3.5-5.4%, respectively). CBG samples were collected in BD vacutainer SST Advance tubes (Becton, Dickinson and Company) and stored at -80°C after centrifugation until assay. CBG was assayed using a commercially available 125 Iodine radioimmunoassay kit (DiaSource, Louvain-La-Neuve, Belgium).
Experimental Studies: Animals, Procedures, and Study Design
All experiments were conducted on adult (250-300 g) male Sprague-Dawley rats (Harlan Laboratories, Blackthorn, United Kingdom). Animals were given a 1-week acclimatization period prior to the start of the experiments. During this period, animals were maintained under a 14-hour light and a 10-hour dark schedule (lights on at 05:00 hr) and they were housed four per cage with ad libitum access to food and water. All animal procedures were conducted in accordance with Home Office guidelines and the UK Animals (Scientific Procedures) Act, 1986.
Animals were anesthetized with isoflurane and an indwelling cannula was inserted in the right jugular vein as described previously (19) . All experiments started at 09:00 hours and were performed 5-7 days after surgery.
To investigate the time course effect of lipopolysaccharide (LPS) on ACTH and corticosterone levels, rats were given either LPS (Escherichia coli; 055:B5; [Sigma, Dorset, United Kingdom] at a dose of 25 μg/rat in 0.1 mL of sterile saline) or sterile saline (0.1 mL/rat) injected via the jugular vein cannula (n = 6/group). Serial blood samples were collected manually via the jugular vein cannula before and after LPS/saline injection at 1-hour intervals for 12 hours. After collection of each sample, an equivalent volume of sterile, heparinized saline was injected so that the total blood volume remained unchanged throughout the experiment. Immediately after collection, blood samples were stored on ice in eppendorf tubes containing EDTA (0·5 M; pH 7·4) and Trasylol (Aprotinin, 500,000 KIU/mL, Roche Diagnostics). Plasma was separated by centrifugation and then stored at -80°C until processed for ACTH and corticosterone measurement.
To investigate the effect of LPS on corticosterone levels and steroidogenic protein expression in the adrenal cortex, rats were injected with either LPS (n = 5) or saline (n = 6) as described above and killed 6 hours after injection (15:00 hr); an untreated control group (n = 5) was killed at 09:00 hours. Rats were overdosed with 0.2 mL of sodium pentobarbitone (Euthatal, 200 mg/mL; Merial, Harlow, United Kingdom), and the adrenal glands were collected and the inner zones (comprising the zona fasciculata and the zona reticularis of the cortex and the adrenal medulla) were separated from the outer zone (containing the zona glomerulosa and the capsula). Individual inner zones were immediately frozen until processing for isolation of RNA for real-time quantitative polymerase chain reaction (left adrenal), protein extraction for Western immunoblotting, and corticosterone measurement (right adrenal) as previously described (6, 20) . Messenger RNA (mRNA) levels of StAR (steroidogenic acute regulatory protein), SF-1 (steroidogenic factor 1), DAX1 (dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1), MC2R (melanocortin type 2 receptor), and MRAP (MC2R accessory protein) were measured. In addition, protein levels of StAR, SF-1, and DAX1 were also measured.
To investigate the time-course effect of a high dose of ACTH on plasma corticosterone levels, rats were given three injections of ACTH (2 μg/kg, sc; Synachten Depot, Alliance Pharma, Cheltenam, United Kingdom) at 35-minute intervals via an implanted subcutaneous cannula (n = 4/group). Serial blood samples were collected manually via the jugular vein cannula at 1-hour intervals for 6 hours before and after ACTH injections. Blood samples were processed for ACTH and corticosterone measurements as described above.
Data Analysis: Algorithm for Selecting and Analyzing Concordant ACTH and Cortisol Pulses
A new algorithm was written to allow comparison of the ACTH and cortisol profiles that took into consideration the different sampling frequency of ACTH and cortisol. This allowed us to calculate the pulse amplitudes of corresponding ACTH and cortisol pulses. The ratio of the cortisol pulse height to ACTH pulse height was then calculated to give a marker of the sensitivity of the adrenals to ACTH.
Key assumptions for this algorithm are that 1) a change in ACTH precedes a change in cortisol (CORT) and 2) increases in ACTH are followed by increases in CORT. The algorithm consists of the following steps:
Select ACTH pulse and compute ACTH pulse amplitude Find two consecutive ACTH minima (ACTH min1 and ACTH min2 ), where an ACTH minimum, ACTH min , is defined as follows:
if ACTH t-1 > ACTH t < ACTH t+1 then ACTH t = ACTH min .
Find maximum value of ACTH between ACTH min1 and ACTH min2 (ACTH max ) -ACTH pulse amp = ACTH max -ACTH min1 
Statistical Analysis: Clinical Studies
The area under the curve (AUC) of cortisol was analyzed using a bespoke program written in MatLab (Natick, MA). Statistical analysis was carried out using PASW statistics 18 (IBM, New York), and all graphs were drawn in GraphPad Prism v5.0 (GraphPad Software, La Jolla, CA). Where multiple patients were used for analysis, times were converted to their corresponding sample number. Although the clock times differed slightly, this allowed us to compare similar stages in the perioperative process.
The difference in mean AUC for cortisol between the two surgical techniques was analyzed using a t test. Geometric means and asymmetric CIs were calculated for Cortisol:ACTH ratios. No statistical test was used to analyze the change in ratio with time. CBG values were analyzed using repeated-measures ANOVA (analysis of variance). The Bonferroni correction was applied post hoc due to the multiple group comparison.
Statistical Analysis: Experimental Studies
All statistical analyses were performed using SPSS version 19 (SPSS, Chicago, IL). A repeated-measures two-way ANOVA was used to analyze the time course of plasma ACTH and corticosterone in response to LPS (time and LPS effect). A repeated-measures one-way ANOVA was used to analyze the time course of plasma ACTH and corticosterone in response to ACTH (time effect). When a significant effect of time, LPS, or their interaction (LPS injection experiment) or a significant effect of time (ACTH injection experiment) was observed, the Bonferroni post hoc test was used to compare ACTH and corticosterone levels before and after LPS/saline or ACTH injection. Adrenal corticosterone, mRNA, and protein data were analyzed using one-way ANOVA, followed by Fisher least significant difference post hoc test to compare differences between experimental groups. Statistical significance was set at p = 0.05.
RESULTS
Clinical Studies
Of the 20 patients recruited, 12 had "off-pump" surgery and eight "on-pump" surgery. Demographic and operative data for all patients are shown in Table 1 . All needle to skin times (i.e., the first sample in each case) were between 08:00 and 09:00 hours.
Across the 24-hour perioperative period, both the mean level of cortisol and ACTH for the whole group rose following surgery. While ACTH then began to return toward baseline values, cortisol remained elevated for the whole sampling period (Fig. 1A) . Throughout this time, individual ACTH and cortisol profiles remained pulsatile (Fig. 1C) .
The mean time course of cortisol levels for both on-pump and off-pump patients is shown in Figure 1B . Although there was a trend for a further late increase in cortisol in the onpump patients, there was no statistically significant difference in total AUC of cortisol between on-and off-pump surgery during the 24-hour period (p = 0.25).
The relationship between ACTH and cortisol pulses was further investigated using a pulse-analysis algorithm (Materials and Methods section). This showed that the cortisol:ACTH pulse amplitude ratio increased approximately 6-8 hours postoperatively (12 hr into the 24-hr study), returning toward baseline by the end of the 24-hour period ( Fig. 2A) .
To ascertain whether this change in the ratio observed following surgery was due to the surgery itself and not the result of circadian variation in the relationship between ACTH and cortisol, we also computed the ratio over a 24-hour period in two age-and sex-matched healthy individuals under nonstressed conditions (Fig. 1D) . In contrast to our patients, we observed no change in their cortisol:ACTH ratios throughout the day.
Postoperative values of CBG were missing in two cases and were excluded from analysis. We found a significant effect of the surgery on CBG levels (ANOVA: F (2, 53) = 12.402; p < 0.0001) ( Fig. 3) , with lower CBG levels both immediately postoperatively (p < 0.0001) and at the end of the 24-hour sampling period (p = 0.0016) compared with preoperative levels. There was no difference between CBG levels at the two postoperative time points (p = 0.883).
Experimental Studies
The time course of plasma ACTH and corticosterone levels in rats injected with LPS is shown in Figure 4A . Two-way ANOVA with repeated-measures analysis showed that there was a significant effect of time, LPS, and their interaction in both ACTH The effect of LPS on ACTH was observed between 10:00 and 13:00 hours (1 and 4 hr after the injection, respectively; p < 0·002), whereas a more prolonged effect of LPS on corticosterone was observed, with levels significantly higher than basal between 10:00 and 17:00 hours (1 and 8 hr after the injection, respectively; p < 0.05). No significant changes in ACTH levels were observed in control rats injected with saline, whereas a significant variation in corticosterone was observed at 17:00 and 18:00 hours and at 22:00 hours (p < 0.05; data not shown). This effect is likely to be due to the normal circadian variation of corticosterone, as previously shown (20) . The effect of LPS treatment on adrenal corticosterone levels and on steroidogenic gene expression and protein levels is shown in Figure 4 B-H. There was a significant effect of LPS on adrenal corticosterone levels (ANOVA: F (2, 13) = 15.487; p = 0.0003) ( Fig. 4B) , with levels higher in LPS-treated rats compared with both untreated controls (p < 0.0001) and saline-treated rats (p = 0.0029).
The effect of LPS on corticosterone levels was associated with changes in steroidogenic gene expression in the adrenal cortex. There was a significant overall effect on StAR mRNA (F (2, 13) = 19.602; p = 0.00012) ( Fig. 4C) , with higher levels in LPS-treated rats compared with untreated controls (p < 0.0001) and saline-treated rats (p = 0.0029). Consistent with the observed increase in corticosterone levels, StAR mRNA was also increased in saline-treated rats (p = 0.03) in accordance with circadian changes in the steroidogenic pathway (20) . The changes in StAR gene expression were paralleled by significant changes in SF-1 gene expression (F (2, 13) = 8.649; p = 0.0041) ( Fig. 4D) , with SF-1 mRNA levels significantly higher in LPS-treated rats compared with both untreated controls (p = 0.0014) and saline-treated rats (p = 0.016). There were also changes in DAX1 gene expression (F (2, 13) = 20.384; p = 0.0001) (Fig. 4E ). Low levels of DAX-1 mRNA were seen in LPS-treated rats compared with both untreated controls (p < 0.0001) and saline-treated rats (p = 0.0012).
The LPS-induced increase in StAR mRNA was also paralleled by changes in StAR protein levels (F (2, 13) = 17.17; p = 0.00022) as confirmed by Western blot (Fig. 4F ). StAR levels were higher in LPS-treated rats compared with both untreated controls (p < 0.0001) and saline-treated rats (p = 0.002). Although a significant effect of LPS was observed on both SF-1 and DAX1 mRNA, the translated changes in SF-1 and DAX-1 protein failed to reach significance (SF-1: F (2, 13) = 3.595; p = 0.057; DAX1: F (2, 13) = 2.274; p = 0.142).
Administration of LPS also induced significant changes in MC2R (F (2, 13) = 22.615; p < 0.0001) ( Fig. 4G ) and MRAP (F (2, 13) = 22.135; p < 0.0001) ( Fig. 4H ) gene expression. Specifically, lower MC2R mRNA levels were found in LPStreated rats compared with untreated controls (p < 0.0001) and saline-treated rats (p = 0.0025). A decrease in MC2R mRNA was also observed in saline-treated rats (p = 0.016) as a result of its circadian variation (20) . By contrast, a significant increase in MRAP mRNA was found in LPS-treated rats compared with untreated controls (p < 0.0001) and saline-treated rats (p < 0.00034).
The time course of plasma ACTH and corticosterone levels in rats injected with ACTH is shown in Figure 5 . One-way ANOVA with repeated-measures analysis showed that there was a significant effect of time in both ACTH (time: F (6, 21) = 141.743; p < 0.0001) and corticosterone (time: F (6, 21) = 33.805; p < 0.0001). The effect of subcutaneous administration of ACTH depot on plasma ACTH and corticosterone was observed between 10:00 and 12:00 hours (1 and 3 hr after the injection, respectively; p < 0.0001).
DISCUSSION
This study showed several changes in the pituitary-adrenal interaction in response to a major inflammatory stimulus in patients undergoing CABG. The large ACTH and consequent cortisol response occurred after, rather than during the surgical intervention. This suggests that the HPA response is secondary to inflammatory mediators rather than the anesthesia and operative activity directly. This time course fits well with the reported surge in circulating tumor necrosis factor (TNF)-α, interleukin (IL)-1, and IL-6 that also remain raised for about 24 hours before returning to baseline (21) (22) (23) .
Using high-frequency blood sampling, we have shown not only that ACTH and cortisol pulsatility is maintained throughout the perioperative period but also that these pulses are concordant. Because ACTH and glucocorticoid oscillations emerge from the feedforward:feedback relationship between the pituitary and adrenal (10, 11) , this implies that the pituitary-adrenal connection persists.
There was a marked sensitization of the adrenal response to each ACTH pulse after cardiac surgery. This was not seen in healthy individuals under nonstressed conditions. The subsequent fall in ACTH after the initial surge is consistent with the well-described glucocorticoid-mediated feedback of endogenous glucocorticoids on ACTH secretion (24) . This initial rise in ACTH is frequently seen after major surgery (25) , but rarely seen in critical illness (26) . This probably reflects the critically ill patients' timing of presentation to healthcare services (and therefore blood sampling) after the initial stimulus.
We found changes in the cortisol:ACTH pulse amplitude ratio that when compared with other, nonsurgical data analyzed in the same way suggest that adrenal sensitivity to ACTH is increased in the postoperative period. We have only sampled for the 24-hour perioperative period and do not know how the pituitary-adrenal interaction changes with continued time after surgery. The alteration in the ratio of cortisol to ACTH suggests that other factors in addition to ACTH must play a role in regulating adrenal steroidogenesis in these conditions.
There are many mechanisms that may underlie the altered cortisol:ACTH pulse amplitude ratio. One possibility is that these patients have a reduced rate of peripheral conversion of circulating cortisol to cortisone as previously described in both critical illness (26) and cardiac surgery (27) . Another possibility is that there is an increase in adrenal sensitivity to ACTH during the postoperative period. Potential candidates for this include the activity of the autonomic nervous system (28, 29) . In addition, it is possible that the initial surge in ACTH increases the levels of steroidogenic proteins, thereby making the adrenal cortex more sensitive to subsequent "normal" fluctuations in the levels of ACTH.
The results from our clinical studies suggested that the major inflammatory stimulus associated with cardiac surgery resulted in a resetting of the gain of the adrenal cortical response to ACTH. To investigate the mechanism underlying the dissociation between the pituitary and adrenal observed in these patients, we used an animal model in which we could examine the adrenal steroidogenic response to a major systemic Figure 2 . Relationship between the adrenocorticotropic hormone (ACTH) and cortisol (CORT) pulse amplitudes throughout the 24-hr sampling period. A, Geometric mean of the ratio of cortisol pulse amplitude to ACTH pulse amplitude throughout the 24-hr perioperative period of coronary artery bypass grafting surgery. Light gray area: period during which some patients were undergoing surgery. Dark gray area: period during which all patients were undergoing surgery. The ratio of cortisol pulse amplitude to ACTH pulse amplitude changes around 6-8 hr after the end of surgery, such that there is a greater change in cortisol pulse amplitude compared with ACTH pulse amplitude. This begins to return toward intra-and earlypostoperative values by the end of the 24-hr period. b, Ratio of cortisol pulse amplitude to ACTH pulse amplitude in two healthy volunteers. No change in ratio is seen across the 24-hr period. Clock times are normalized to sample numbers with sample 1 being equivalent to 08:00 hr. inflammatory stressor. We chose to use LPS stress in the rat. This results in the rapid release of cytokines (including IL-1β, IL-6, and TNF-α) (30) , which are known to be potent secretagogues at multiple sites of the HPA axis (31) (32) (33) . These changes show a similar time course to the increase in ILs seen after cardiac surgery (34, 35) . This model allowed us to study the effect of acute inflammatory stress not only on the dynamics of ACTH and corticosterone secretion but also on the expression of the steroidogenic protein StAR (36, 37) , which mediates the intramitochondrial transport of cholesterol (the rate limiting step in glucocorticoid synthesis) as well as other proteins mediating ACTH signaling within the adrenal, including MC2R (38, 39) and MRAP (40) . LPS administration resulted in ACTH and corticosterone responses that are remarkably similar to our finding in the human patients; ACTH levels return to "normal" soon after the stimulus, but corticosterone levels remain elevated further hours after this. Limitations on the amount of blood we could remove from the rats did not allow us to collect samples at sufficient frequency to assess whether pulsatile activity was maintained throughout this time.
To ascertain whether the increase of plasma corticosterone was pre dominantly due to increased synthesis or reduced clearance, we measured the intra-adrenal levels of corticosterone in the adrenals. They remained elevated 6 hours after the LPS administration, confirming that despite "normal" ACTH levels at this time, the adrenal was still synthesizing large amounts of corticosterone. This infers that there must be increased adrenal sensitivity to ACTH at this point, and so to assess the mechanisms involved, we measured the expression of steroidogenic proteins in the adrenal cortex, including StAR, MC2R, and MRAP, and the expression of proteins involved in their transcriptional regulation.
LPS markedly increased MRAP mRNA. Since MRAP regulates the surface expression and binding affinity of the MC2R for ACTH (39) , this implies an LPS-mediated increase in ACTH signaling. Furthermore, LPS increased StAR mRNA and protein levels together indicating increased steroidogenic activity. The effects of LPS on StAR were paralleled by changes in the Rats were injected with LPS at 09:00 hr, and blood samples were manually collected prior to and after the injection via an indwelling cannula inserted in the jugular vein. Two-way repeated-measures analysis of variance showed a significant effect of LPS on both ACTH and corticosterone plasma levels. While ACTH returned to basal levels at 14:00 hr, corticosterone levels remained elevated for a further 4 hr and returned to basal value at 18:00 hr (see Results section for statistic). Gray bar indicates the dark period (19:00-05:00 hr). b, LPS injection induced an increase in intraadrenal corticosterone levels, as measured 6 hr after the injection. This effect was paralleled by changes in steroidogenic gene expression, as measured using real-time quantitative polymerase chain reaction, including an increase in steroidogenic acute regulatory protein (StAR) messenger RNA (mRNA) (C) and steroidogenic factor (SF)-1 mRNA (D) and a decrease in dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1 (DAX1) mRNA (E). LPSinduced increase in StAR mRNA was associated with an increase in StAR protein levels (F), as assessed by Western immunoblotting. Acute administration of LPS decreased melanocortin type 2 receptor (MC2R) mRNA levels (G), whereas increased melanocortin type 2 receptor accessory protein (MRAP) mRNA levels (H). *p < 0.05, significantly different from untreated control. ≠p < 0.05, significantly different from saline. GAPDH = glyceraldehyde 3-phosphate dehydrogenase..
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The mechanisms underlying this response are unclear. Interestingly, in contrast to rats injected with LPS, this increase in adrenal sensitivity was not observed in rats injected with a high dose of ACTH. This suggests that other factors, apart from ACTH, must be responsible to these changes occurring at the level of adrenal steroidogenic pathway. Indeed, it is known that both circulating and intra-adrenal cytokines can affect glucocorticoid synthesis by both potentiating the effects of ACTH or by direct effects on steroidogenic protein synthesis (34, 35, 43, 44) . In addition to the systemic effect of LPS-induced cytokines on adrenal sensitivity, cytokines and their receptors are expressed locally in the rat adrenal in response to LPS (45, 46) . This suggests that intra-adrenal cytokines may be responsible for the observed increase in steroidogenic activity here. Although splanchnic nerve activity can also alter adrenal sensitivity to ACTH, this seems a less likely explanation for our findings because splanchnic nerve activity does not regulate adrenal StAR (47) .
Another factor to be considered in respect of glucocorticoid signaling is CBG. In our study, CBG levels fell by around 30-50%. This has previously been shown to occur in both adult (48) and pediatric (49) cardiac surgery and is most likely due to hemodilution (48) . This will result in elevated levels of free and therefore biologically active cortisol (50) . In view of the persistently raised and pulsatile levels of total cortisol in our patients, the reduced CBG levels will be saturated at lower levels of total cortisol (saturation of CBG in normal subjects occurs at around 400-500 nmol/L cortisol), resulting in widely oscillating levels of free cortisol with potent effects on glucocorticoid receptor signaling. Core body temperature, pH, and neutrophil activity also change throughout the perioperative process, and fluctuations in any of these will also alter the tissue delivery of cortisol (51) (52) (53) .
We have not reported free cortisol levels in our patients as derived methods such as Coolens' (54) do not hold true in the dynamic conditions of the perioperative period. The reasons for this are, firstly, Coolens ignores saturation of CBG with cortisol (that occurs at "normal" CBG levels of around 400 nmol/L)-which will be an important aspect in patients with very high cortisol levels. Secondly, Coolens uses a population mean for albumin that will not apply to patients in the cardiac surgical period because albumin levels change rapidly across this timescale. Thirdly, due to the pulsatile nature of cortisol and changing CBG levels, we would have required large volumes of blood to accurately estimate free cortisol-operating surgeons were unhappy to accept this.
Although cardiac surgery with and without CBP has often been used as a model for the inflammatory response of critical illness, we must be careful not to extrapolate our findings too far. Critical illness, particularly sepsis, is an ongoing stimulus as opposed to the point stimulus of cardiac surgery. In the same way, cardiac surgery and LPS injection are both point insults causing severe inflammatory stress (21) (22) (23) 55) .
Endeavors to classify who is relatively deficient in glucocorticoids at the time of major surgery and critical illness have stalled. Despite multiple attempts to identify these patients using static measures of adrenal function (56) (57) (58) (59) (60) (61) , none have been shown to be functionally useful at detecting this subset of the population (62) . Our study would appear to confirm this; the dynamic, pulsatile nature of the HPA axis output after cardiac surgery shows that point measurements of cortisol after an acute inflammatory stimulus are not useful. The pulse amplitude of cortisol in this context may be as much as 600 nmol/L within 2 hours, and the point measurement may be either at the peak or nadir of this pulse. Therefore, a single measurement of cortisol does not inform us about the overall levels of cortisol or indeed what the cortisol level is 1 hour later. The fact that the adrenal sensitivity to ACTH is changing also means that the premises on which the synthetic ACTH test is based do not hold true in this context.
Hormone pulsatility in the chronic setting has significant clinical implications. Not only do patients who are taking nonpulsatile replacement glucocorticoids complain of weariness, fatigue, and stress intolerance (63) but also hypoadrenal patients who are receiving cortisol replacement have double the mortality of the general population of the same age group (64) . We do not know what the implications of glucocorticoid pulsatility are in the acute setting. However, current international guidelines for glucocorticoid therapy in critical illness and sepsis (65) are that hydrocortisone should be given by continuous infusion. The pulsatility seen in the individual cortisol profiles throughout our study clearly demonstrate that this is not a normal physiological regimen, and how this manifests in patient response is unknown.
In summary, this study highlights the marked changes in HPA activity that occur following a major inflammatory stimulus. In contrast to previous reports of a "disconnection" between the pituitary and adrenal glands (25, 48, 66) , our rapid sampling technique in humans reveals maintenance of the interaction between ACTH and cortisol ultradian secretory activity. This was associated with an increase in adrenal sensitivity to ACTH. In a rodent model, we have shown that the Figure 5 . Time course of the effects of subcutaneous injections of adrenocorticotropic hormone (ACTH) depot on plasma ACTH and corticosterone. Rats were injected with ACTH at 09:00, 09:35, and 10:10 hr, and blood samples were manually collected via the jugular vein cannula at 1-hr intervals for 6 hr before and after ACTH injections. A repeated-measures one-way analysis of variance showed a significant effect of ACTH injection on both ACTH and corticosterone plasma levels. Both ACTH and corticosterone returned to basal levels at 13:00 hr (see Results section for values).
initial high levels of glucocorticoid after a major inflammatory stimulus are predominately related to increased de novo synthesis rather than the reduced metabolism previously reported (27) , and we suggest that the increased adrenal sensitivity to ACTH occurs due to a combination of increased expression of MRAP, the ACTH receptor accessory protein, and increased steroidogenic protein StAR.
